To cause disease, Clostridium difficile spores must germinate in the host gastrointestinal tract. Germination is initiated upon exposure to glycine and certain bile acids, e.g., taurocholate. Chenodeoxycholate, another bile acid, inhibits taurocholate-mediated germination. By applying Michaelis-Menten kinetic analysis to C. difficile spore germination, we found that chenodeoxycholate is a competitive inhibitor of taurocholate-mediated germination and appears to interact with the spores with greater apparent affinity than does taurocholate. We also report that several analogs of chenodeoxycholate are even more effective inhibitors. Some of these compounds resist 7␣-dehydroxylation by Clostridium scindens, a core member of the normal human colonic microbiota, suggesting that they are more stable than chenodeoxycholate in the colonic environment.
Clostridium difficile is a Gram-positive, spore-forming, anaerobic bacterium that is pathogenic for both humans and animals (33, 44) . Infections caused by C. difficile range from mild diarrhea to more life-threatening conditions, such as pseudomembranous colitis (33) . In the classic case, prior antibiotic treatment that disrupts the normally protective colonic flora makes patients susceptible to C. difficile infection (CDI) (35, 53) . Other antibiotics, such as vancomycin and metronidazole, are the most commonly used treatments for CDI (54) . However, because these antibiotics also disrupt the colonic flora, 10 to 40% of patients whose symptoms have been ameliorated suffer from relapsing CDI (15, 24) . The annual treatment-associated cost for CDI in the United States is estimated to be between $750 million and $3.2 billion (8, 9, 16, 31) . Moreover, the number of fatal cases of CDI has been increasing rapidly (14, 39) . Thus, there is an urgent need to find alternative therapies for CDI.
C. difficile infection likely is initiated by infection with the spore form of C. difficile (12) . C. difficile elicits disease through the actions of two secreted toxins, TcdA and TcdB (48) . TcdB was recently shown to be critical for pathogenesis in an animal model of disease (18) . Since the toxins are produced by vegetative cells, not by spores (17) , germination and outgrowth are prerequisites for pathogenesis.
Spore germination is triggered by the interaction of small molecules, called germinants, with receptors within the spore inner membrane. These germinants vary by bacterial species and can include ions, amino acids, sugars, nucleotides, surfactants, or combinations thereof (43) . The recognition of germinants triggers irreversible germination, leading to Ca 2ϩ -dipicolinic acid release, the uptake of water, the degradation of the cortex, and, eventually, the outgrowth of the vegetative bacterium (43) . The germination receptors that C. difficile uses to sense the environment have not been identified. Based on homology searches, C. difficile germination receptors must be very different from known germination receptors (42) , but they appear to be proteinaceous (13) .
Taurocholate, a primary bile acid, has been used for approximately 30 years by researchers and clinical microbiologists to increase colony formation by C. difficile spores from patient and environmental samples (3, 49, 51, 52) . This suggested that C. difficile spores interact with bile acids along the gastrointestinal (GI) tract and that spores use a host-derived signal to initiate germination.
The liver synthesizes the two major primary bile acids, cholate and chenodeoxycholate (40) . These compounds are modified by conjugation with either taurine (to give taurocholate or taurochenodeoxycholate) or glycine (producing glycocholate or glycochenodeoxycholate). Upon secretion into the digestive tract, bile aids in the absorption of fat and cholesterol; much of the secreted bile is actively absorbed and recycled back to the liver for reutilization (40) . Though efficient, enterohepatic recirculation is not complete; bile enters the cecum of the large intestine at a concentration of approximately 2 mM (30) .
In the cecum, bile is modified by the normal, benign colonic flora. First, bile salt hydrolases found on the surfaces of many bacterial species remove the conjugated amino acid, producing the deconjugated primary bile acids cholate and chenodeoxycholate (40) . These deconjugated primary bile acids are further metabolized by only a few species of intestinal bacteria, including Clostridium scindens. C. scindens actively transports unconjugated primary bile acids into the cytoplasm, where they are 7␣-dehydroxylated, converting cholate to deoxycholate and chenodeoxycholate to lithocholate (21, 40) . The disruption of the colonic flora by antibiotic treatment abolishes 7␣-dehydroxylation activity (41) .
Building upon the work on Wilson and others (51, 52) , we demonstrated that taurocholate and glycine, acting together, trigger the loss of the birefringence of C. difficile spores (45) . All cholate derivatives (taurocholate, glycocholate, cholate, and deoxycholate) stimulate the germination of C. difficile spores (45) . Recently it was shown that taurocholate binding is prerequisite to glycine binding (37) . At physiologically relevant concentrations, chenodeoxycholate inhibits taurocholate-mediated germination (46) and also inhibits C. difficile vegetative growth, as does deoxycholate (45) . In fact, C. difficile spores use the relative concentrations of the various bile acids as cues for germination within the host (10) .
Since chenodeoxycholate is absorbed by the colonic epithelium and metabolized to lithocholate by the colonic flora (25, 40) , the use of chenodeoxycholate as a therapy against C. difficile disease might be hindered by its absorption and conversion to lithocholate.
Here, we further characterize the interaction of C. difficile spores with various bile acids and demonstrate that chenodeoxycholate is a competitive inhibitor of taurocholate-mediated germination. Further, we identify chemical analogs of chenodeoxycholate that are more potent inhibitors of germination and that resist 7␣-dehydroxylation by the colonic flora, potentially increasing their stability and effectiveness as inhibitors of C. difficile spore germination in the colonic environment.
MATERIALS AND METHODS
C. difficile and C. scindens growth conditions. C. difficile UK1 (obtained from D. Gerding), an epidemic strain (REA type BI23), was isolated during a 2006 outbreak at Stoke-Mandeville Hospital in the United Kingdom. C. scindens is a core member of the gut microbiota that metabolizes primary bile acids to secondary bile acids (34, 50) . C. difficile UK1 and C. scindens VPI12708 (obtained from P. Hylemon) were routinely grown on BHIS (BHI [brain heart infusion] plus 5 g/liter yeast extract plus 0.1% L-cysteine) agar medium in a Coy anaerobic chamber containing 5% CO 2 , 10% H 2 , and 85% N 2 .
C. difficile spore preparation. To prepare spores, C. difficile UK1 was streaked on reduced BHIS agar medium and incubated under anaerobic conditions for 4 days. Plates then were removed from the chamber, and all surface growth (containing spores, vegetative cells, and debris) was scraped up and transferred to microcentrifuge tubes containing 1 ml sterile ice-cold water. After incubation overnight at 4°C to allow the release of the mature spores from mother cells, the suspension was washed five times in ice-cold sterile water. The washed pellets then were combined and resuspended in 3 ml ice-cold sterile water. The suspension was layered on top of a 10-ml bed volume of 50% (wt/vol) sucrose in water (17) . The gradient was centrifuged in a swinging-bucket rotor at 3,200 ϫ g for 20 min. During the centrifugation, vegetative cells and debris collected at the interface while spores migrated through the 50% sucrose bed and formed a pellet. After centrifugation, the spore pellet was washed five times to remove the sucrose and suspended in water. All spore preparations were Ͼ99% free of vegetative cells and debris, and all spores appeared phase bright.
Germination of C. difficile spores. Purified spores were heat activated for 30 min at 60°C and placed on ice. Heat-activated spores were diluted in 1 ml BHIS only or BHIS supplemented with 2, 5, 10, 20, 50, or 100 mM taurocholate (Sigma-Aldrich T4009) with or without an inhibitor. Heat-activated spores in BHIS with 2% ethanol or 2% dimethylsulfoxide (DMSO) were used as controls to rule out the effects of organic solvent on germination. Germination was monitored spectrophotometrically at 600 nm. The ratio of the A 600 at time X (T x ) to the A 600 at time zero (T 0 ) was plotted against time. Germination rates were determined using the slopes of the linear portions of the germination plots. Data are reported as the averages from three independent experiments with one standard deviation.
Chenodeoxycholate, ursodeoxycholate, and lithocholate were purchased from Acros Organics and dissolved in 100% ethanol at 100 mM. The chenodeoxycholate analogs were purchased from Steraloids Inc. and dissolved in DMSO at 10 mM.
7␣-Dehydroxylation of bile acids and bile acid analogs. C. scindens bile acid metabolism was induced in 18-h, exponential-phase cultures by incubation for 3 h after the addition of 100 M cholate (50) . Two hundred fifty microliters of the induced C. scindens culture then was diluted in 5 ml of BHIS medium supplemented with 100 M (500 nmol) bile acid or bile acid analog. When analogs were being tested, cholate (100 M [500 nmol]) was added as a positive control for 7␣-dehydroxylation in the presence of the bile analog. After a 24-h incubation, NaOH was added to 1 M and the samples were incubated overnight at 65°C to hydrolyze esters. The solution was acidified with HCl and adjusted to 20% methanol. Hyodeoxycholate (HCA) was added as an internal standard for recovery, and the resulting mixture was purified over a C 18 solid-phase extraction column (Thermo Sci. 60108-305) at a flow rate of 1 ml/min. The column was washed with 4 ml water and eluted with 3 ml 100% methanol. The de-esterified bile acids and analogs were dried at 60°C under a stream of forced air.
Bile acid labeling and HPLC separation. We added 780 l of 3 mM N,Ndiisopropylethylamine and 390 l of 3 mM 2-bromo-2-acetonaphthone, both dissolved in acetonitrile, to the tubes of dried, de-esterified bile acids and incubated the tubes overnight in the dark at 60°C. This reaction adds to all carboxyl groups a naphthylacylester that absorbs at 245 nm (29) . The labeling compounds were added in excess. When monitored by high-performance liquid chromatography (HPLC), the labeling material was detected (data not shown), indicating that the labeling reaction proceeds to completion. The reaction mixture was dried in a SpeedVac, suspended in 60% acetonitrile-40% water (vol/vol) and subjected to reverse-phase high-performance liquid chromatography using a C 18 column (4.6 by 250 mm; 5 m C 18 ; Phenomenex, Torrance, CA). Separation was carried out at a flow rate of 1 ml/min using 90 ml of 60% acetonitrile-40% water (vol/vol). Isopropanol then was introduced as a 30-ml gradient from 0 to 100% to elute lithocholate from the C 18 column. The elution of the naphthylacylester derivatives of the bile acids was monitored at 245 nm. Peak area was determined using Breeze HPLC software (Waters, Inc.).
RESULTS
Kinetic analysis of C. difficile spore germination in the presence of taurocholate. We have shown previously that taurocholate is a cogerminant with glycine for C. difficile spore germination (45) . To further characterize the interaction of spores with taurocholate, we incubated purified C. difficile spores in glycine-containing rich medium (BHIS) with various concentrations of taurocholate. Mature spores are birefringent and appear bright under a phase-contrast microscope (designated phase bright). The initiation of germination can be measured spectrophotometrically by following the decrease in absorbance at 600 nm, corresponding to the transition from a phase-bright spore to a phase-dark spore (27) . The loss of birefringence, one of the first measurable changes during germination, occurs within minutes after exposure to germinant (27) . There was no decrease in A 600 when spores in BHIS were incubated without taurocholate (Fig. 1A) (45) . The addition of increasing concentrations of taurocholate resulted in increased rates and extents of germination (Fig. 1A) . To analyze the kinetics of germination, the slope of the linear range of absorbance decrease at each concentration of taurocholate was plotted against the taurocholate concentration (Fig. 1B) . Increasing the concentration of taurocholate from 2 to 50 mM resulted in a rate curve that approached saturation (Fig. 1B) .
Michaelis-Menten kinetic analysis of spore germination has been used to study spore germination in other pathogens (1, 36) . Applying Michaelis-Menten kinetic analysis, we determined that C. difficile spores have an apparent K m for taurocholate of 2.8 mM and a V max of 0.053 optical density (OD) units/min (Fig. 1C) . These results provide a quantitative measure of the interaction of taurocholate with the spores and indicate that the interaction occurs at a physiologically relevant bile acid concentration (30) .
Chenodeoxycholate is a competitive inhibitor of C. difficile spore germination. We have shown previously that chenodeoxycholate is an inhibitor of C. difficile spore germination (46) . To determine the mechanism of inhibition, we incubated C. difficile spores in the presence of 2 mM chenodeoxycholate and increasing concentrations of taurocholate. As shown in Fig.  2A , adding chenodeoxycholate increased the apparent K m for taurocholate but had almost no effect on the V max . We con-clude that chenodeoxycholate is a competitive inhibitor of C. difficile spore germination, with an apparent K i of approximately 370 M (Table 1) . These results indicate that C. difficile spores have a higher apparent affinity for chenodeoxycholate than for taurocholate.
Chenodeoxycholate analogs. Chenodeoxycholate is metabolized by the colonic flora to lithocholate (40) . The pathway for this 7␣-dehydroxylation is known primarily through studies of C. scindens (5, 7, 20, 21, 40) . C. scindens is a core member of the human colonic flora (34) and actively takes up unconjugated primary bile acids through the membrane protein BaiG (5, 21) . In the cytoplasm, the first step in 7␣-dehydroxylation is thought to be the ligation of the primary bile acid to coenzyme A (CoA) (20) . Subsequent reactions target the 3␣-hydroxyl group and finally the 7␣-hydroxyl group (40) . The modification of the primary bile acid carboxyl moiety likely would prevent the uptake of the bile acid and block its ability to be ligated to CoA, because uptake requires a deconjugated bile acid (2, 21) and ligation to CoA requires the presence of a free carboxyl group (20) . Further, by altering the 3␣-or the 7␣-hydroxyl group, 7␣-dehydroxylation may be blocked due to the inability of the bile acid to support the proper reaction chemistry. Using these criteria, we identified several chenodeoxycholate analogs (Fig. 3) that were predicted to resist 7␣-dehydroxylation by the colonic flora, thereby potentially increasing their stability within the colonic environment. These compounds fall into two overlapping classes. First, 5␤-cholanic acid-3␣,7␣-diol-3-acetate methyl ester (37D3AME), 5␤-cholanic acid-3␣,7␣-diol-diacetate methyl ester (37DAME), and 5␤-cholanic acid-3␣,7␣-diol methyl ester (37DME) are methyl esters and therefore were predicted to resist uptake by C. scindens BaiG or CoA ligation or both. The second class of analogs was predicted to be blocked in 7␣-dehydroxylation because they are unable to support the proper reaction chemistry. These compounds, 5␤-cholanic acid-3␣-ol acetate (3olAc), 37D3AME, 37DAME, and 5␤-cholanic acid-3␣-ol-6-one (6KLA), have modifications at the 3, 7, or 6 position. 37D3AME and 37DAME belong to both classes of compounds.
Effects of chenodeoxycholate analogs on C. difficile spore germination. We tested the chenodeoxycholate analogs (Fig.  3) individually for the inhibition of germination. Some compounds (ursodeoxycholate, lithocholate, 6KLA, 3olAc, and 37D3AME) had apparent K i values similar to that of chenodeoxycholate, but other compounds (37DAME and 37DME) were more potent inhibitors than chenodeoxycholate (Table  1 ). Figure 2B shows the double-reciprocal plot for 37DAME. 37DAME was a competitive inhibitor of C. difficile spore germination, with an apparent K i in this experiment of 81 M. 
37DME
and 37DAME resist 7␣-dehydroxylation by Clostridium scindens. The modification of the carboxyl, the C-3 hydroxyl or the C-7 hydroxyl, or combinations thereof was predicted to prevent C. scindens-mediated 7␣-dehydroxylation. To test this supposition, we incubated 37DME or 37DAME in the presence of C. scindens that had been induced for 7␣-dehydroxylation by growth with 100 M cholate. C. scindens has been shown to 7␣-dehydroxylate primary, unconjugated bile acids. Cholate (CA) and chenodeoxycholate (CDCA), 500 nmol each, were used as positive controls for 7␣-dehydroxylation. After incubation with C. scindens, bile acids were hydrolyzed in 1 M NaOH overnight at 65°C to generate free carboxyl groups that could be labeled with 2-bromo-2-acetonaphthone and detected by reverse-phase HPLC. The elution times of pure, hydrolyzed, labeled compounds are listed in Table 2 and illustrated in Fig. 4A . Hyodeoxycholate (HCA; 500 nmol), which was added to every sample before purification as an internal control for extraction and labeling, eluted at approximately 24 min. As expected, the incubation of CA with C. scindens resulted in the appearance of a peak corresponding to deoxycholate (DCA) (Fig. 4B) . By quantifying the peak area and comparing it to the area of a peak of known concentration (Fig. 4A) , we determined that 108 nmol of DCA was formed from CA, corresponding to 48.6% conversion of CA to DCA (Table 3) . Performing the same analysis for C. scindens incubated with CDCA, a peak corresponding to LCA was observed (Fig. 4C) . This peak corresponded to 89 nmol of LCA or 49.2% conversion of CDCA to LCA (Table 3) . Due to the labeling procedure, which labels all carboxyl groups, there are other peaks in the HPLC chromatograms that are not bile acids. 37DME and 37DAME (500 nmol each) were incubated with 7␣-dehydroxylation-induced C. scindens in the presence of 500 nmol cholate. The ester hydrolysis of 37DME and 37DAME yields the parent CDCA compound (Fig. 3 and 4D) . The incubation of 37DAME and cholate with C. scindens resulted in the conversion of cholate to deoxycholate (113 nmol; 40% conversion [ Table 3 ]) but did not result in the formation of significant amounts of LCA (0.0025 nmol; 0.0025% conversion [ Table 3 ]), the expected product of 7␣-dehydroxylation and ester hydrolysis of 37DAME (Fig. 4E) . Also, the incubation of 37DME and cholate with C. scindens resulted in the conversion of 113 nmol of CA to DCA (55.1% conversion) (Fig. 4F, Table 3 ) but essentially no conversion of 37DME to lithocholate (Fig. 4F , Table 3 ). These results indicate (i) that C. scindens is unable to 7␣-dehydroxylate 37DME or 37DAME; (ii) that the modification of the C-3 hydroxyl, C-7 hydroxyl, or C-24 carboxyl prevents 7␣-dehydroxylation; and (iii) that these compounds resist 7␣-dehydroxylation and therefore should be more stable than chenodeoxycholate in the colonic environment.
DISCUSSION
Bile acids are necessary to initiate the germination of C. difficile spores (Fig. 1) (45) . By studying the kinetics of taurocholate-mediated germination, we found that C. difficile spores have an apparent K m of 2.8 mM for taurocholate (Fig. 1C) . This is likely to be a physiologically relevant K m , because bile enters the cecum at approximately 2 mM (30). In the presence of chenodeoxycholate, the apparent affinity for taurocholate decreases by 5-to 8-fold (Fig. 2A) . The receptors that C. difficile spores use to recognize potential germinants have not been identified. Based on the absence of homologs of receptors found in other Bacillus spp. and Clostridium spp. (42), it is likely that C. difficile receptors have unique properties. The analysis of the structure of cholate and chenodeoxycholate suggests that the 12␣-hydroxyl group is important for the recognition of bile acids as germinants and as inhibitors of germination. The removal of the 12␣-hydroxyl group of cholate converts the germinant to an inhibitor of germination (45, 46) . Heat-activated spores were suspended in BHIS medium containing 2, 5, 10, 20, 50, or 100 mM taurocholate only (}) with or without 0.2 mM 5␤-cholanic acid-3␣,7␣-diol-diacetate-methyl ester (37DAME) (Ⅺ). The maximum rate of germination under each condition was determined as described for Fig. 1B , and the double-reciprocal plot was generated as described for Fig. 1C . The linear best fit was generated and used to determine the apparent K m for taurocholate, V max for germination, and K i for chenodeoxycholate and 37DAME.
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Thus, the 12␣-hydroxyl group may make an important contact with a germination receptor, triggering germination. In studying analogs of cholate and chenodeoxycholate, we hoped to define other side chains that are important for initiating germination or inhibiting germination. However, because all nonbiological compounds tested inhibited germination, albeit with different efficiencies, little structure/function analysis was possible. We can conclude that the 7␣-hydroxyl group is not required either for germination or for the inhibition of germination, since lithocholate and 3olAc inhibit germination, whereas deoxycholate and cholate stimulate germination similarly (45) . Further analysis of the C-3 position and combinations of C-3, C-7, and C-12 modifications could yield structure/function information.
The kinetic analysis suggests that chenodeoxycholate has an inhibitor constant (K i ) of approximately 370 M ( Table 1 ), indicating that spores interact with chenodeoxycholate more avidly than they interact with taurocholate. The higher apparent affinity of spores for chenodeoxycholate versus cholate has interesting consequences for the life cycle of the bacterium within the host. When C. difficile spores enter the small intestine, they encounter approximately equal concentrations of cholate derivatives and chenodeoxycholate derivatives (30) . Under these conditions, C. difficile spores should be inhibited for germination, thereby preventing the production of vegetative bacteria in the aerobic, small intestinal environment (6) . In a normal, healthy host, the colonic microflora 7␣-dehydroxylates chenodeoxycholate to lithocholate, also an inhibitor of germination. However, in an antibiotic-treated host, chenodeoxycholate is not 7␣-dehydroxylated and has been shown to be absorbed by the colonic epithelium at a rate 10 times higher than that of cholate (25) . Thus, in an antibiotic-treated individual, the ratio of cholate to chenodeoxycholate derivatives would favor germination.
These results also raise the possibility that chenodeoxycholate could be used to inhibit C. difficile spore germination in the GI tract. However, because chenodeoxycholate is metabolized by the colonic flora to lithocholate, its therapeutic use could be limited. Lithocholate also inhibits taurocholate-mediated germination (Table 1) , but it is nearly insoluble, and secondary bile acids, such as lithocholate, have been implicated in colorectal carcinogenesis (23, 28, 38) , precluding its use in therapeutics.
For the compounds in Fig. 3 to be effective inhibiters of C.
difficile spore germination in the gut, they must resist uptake by the colonic epithelium and resist 7␣-dehydroxylation by the normal flora. The farnesoid X receptor (FXR) is a nuclear receptor that is activated by bile acids in the cytoplasm of the eukaryotic cell (19, 32) . Upon activation, FXR translocates to the nucleus, where it affects the transcription and upregulation of the bile acid binding proteins (BABPs) (11) . BABPs are thought to aid in the transport of bile to the liver or protection of intestinal cells against high levels of bile acids (22, 47) . Based on the crystal structures of FXR (26) and ileal-BABP (I-BABP) (4), 37DAME (Fig. 3) is unlikely to interact with either of these proteins. The acetyl group on C-3 of 37DAME would place a methyl group in the polar binding pocket of FXR (26) . We predict that this would lead to an unproductive interaction that would not trigger FXR translocation to the nucleus. The interaction of 37DAME with I-BABP also should be less effective than that for natural bile acids. The acetylation of C-7 and the methyl ester of 37DAME should prevent the hydrogen bonding that seems to coordinate bile acids on I-BABP (4). On the other hand, 37DME might activate both of these proteins. Therefore, we predict that 37DAME is the more stable of the two analogs in the colon, as it may be unable to be trafficked and activate FXR signaling, though more work is needed to determine the validity of these predictions.
We have identified several chenodeoxycholate analogs that Pure 37DAME and 37DME were hydrolyzed, labeled, and separated by HPLC. C. scindens was incubated with cholate (B), chenodeoxycholate (C), 37DAME and cholate (E), or 37DME and cholate (F). Dashed lines indicate the expected mobilities of CA and LCA.
are predicted to resist the 7␣-dehydroxylating activity of C. scindens (Fig. 3) . Many of these compounds have modifications at the C-3, C-6, C-7, or carboxyl positions that would preclude them from being taken up by C. scindens or being ligated to CoA or supporting proper 7␣-dehydroxylation reaction chemistry. Some of these compounds are more-potent inhibitors of germination than is CDCA (Table 1) , and their ability to resist 7␣-dehydroxylation was demonstrated experimentally (Fig. 4) . If the behavior of C. scindens is typical of other 7␣-dehydroxylating bacteria in the normal flora, some of these compounds might be useful in prophylaxis by providing a stable inhibitor of C. difficile spore germination in the presence of the flora before antibiotic treatment, or as therapy for relapsing CDI by preventing C. difficile spore germination after antibiotic treatment while the flora recovers from such treatment. 
